magnetocrystalline anisotropy of Ce:YIG is the dominant factor contributing to the change in easy axis direction, and we describe the changes in the magneto-optical spectra with temperature. 4 or other elements such as Bi 5, 6 possess a high figure of merit (FR/optical absorption) at near-infrared communications wavelengths and are therefore well suited for making nonreciprocal optical devices. 2,7-9 Thin films of Ce:YIG have been epitaxially grown by various deposition techniques on gallium gadolinium garnet (GGG) substrates 10, 11 or as polycrystalline films on silicon-based substrates. 3, 12, 13 These polycrystalline and epitaxial films usually show an in-plane easy axis, though a domain structure with out-of-plane remanence has been revealed in epitaxial Ce:YIG films using polar magneto-optical Kerr effect measurements. 2 Other doped garnets show an anisotropy that can be adjusted via a thickness-dependent strain. 14 The effects of the composition [15] [16] [17] [18] and processing conditions 3, 19, 20 on the properties of substituted YIG have been widely explored with respect to maximizing the FR. However, investigation of the temperature-dependence of the MO and magnetic properties of Ce:YIG is limited and mostly focused on bulk materials. [21] [22] [23] [24] Temperature-dependent studies of bulk Ce:YIG demonstrate an increase of saturation magnetization 22 and Faraday rotation 21 upon cooling which is well approximated by a linear function in the regime from room temperature (RT) to liquid nitrogen temperature. There are little data on magnetocrystalline anisotropy or magnetostriction of Ce:YIG, but rare earth iron garnets typically show a monotonic increase of the magnetocrystalline anisotropy by a factor of 5-50 and an increase in magnetostriction coefficients by a factor of 2-5 when cooled down from RT to liquid nitrogen temperatures. 25, 26 Previous studies of the magnetostriction of Ce:YIG show that Ce 3+ ions contribute to a positive magnetostrictive coefficient. However, the investigations are limited to small Ce concentrations. 23, 24 The temperature-dependence of the optical properties of garnets is important in the operation of optical imaging devices, isolators, or sensors. 27, 28 Investigations of FR in the low temperature regime have been carried out for various iron garnets [29] [30] [31] and indicate a higher FR at low temperatures. Ce 3+ ions contribute to a significant enhancement of the FR at low temperatures in Ce:YIG. In this article, we examine the temperature dependence of the properties of Ce:YIG films on GGG substrates, including the lattice dimensions and strain, the coercivity, saturation field, and the wavelength-dependent FR. We show that the Ce:YIG films exhibit a magnetization reorientation transition which is discussed in terms of the anisotropy contributions.
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The Ce:YIG films were grown by pulsed laser deposition (PLD) on 1 cm 2 double-side polished GGG (111) substrates, using a KrF excimer laser (wavelength 248 nm) with 10 Hz, 25 ns pulses. The base pressure was 5 × 10 6 Torr and the deposition pressure 5 × 10 3 Torr oxygen. The target was prepared from Y 2 O 3 , Fe 2 O 3 , and CeO 2 powders by a mixed oxide sintering method. 3, 32 The samples were grown with a target-sample distance of 5 cm and a substrate temperature of 650 • C. After deposition, the samples were cooled down at 5 × 10 3 Torr with a cooling rate of 15 • C/min. During deposition, the target and samples were rotated to ensure a homogenous ablation and uniform growth. The film composition and thickness were measured by means of wavelength dispersive Xray spectroscopy (WDS) and X-ray reflectometry (XRR), respectively (data not shown). The film composition was Ce 0.59±0.18 Y 2.86±0.41 Fe 4.55±0.5 O 12 based on the cation ratios, i.e., the film showed an iron deficiency likely to be caused by the target's surface modification, 32 and the thickness was close to 80 nm.
Reciprocal space maps (RSMs) were obtained at RT, and Θ-2Θ X-ray diffraction (XRD) scans were obtained in a range from 175 • C to +25 • C. The RSM of the (642) previous report. 3 The lattice parameter reported for bulk material of comparable composition is 12.44 ± 0.01 Å. 33 The Θ-2Θ-scans ( Fig. 1(b) ) show that the GGG (444) peaks (Cu K α1 and corresponding Cu K α2 doublets) shift by ∼0.01 • and the Ce:YIG (444) peaks shift by ∼0.025 • over the temperature range. The unshifted feature around 50.9 • is an artifact due to the absorption edge of the Ni filter which is mounted in front of the detector and is hence unaffected by the cryostat temperature. The unit cell of the strained Ce:YIG is a rhombohedrally distorted cube whose facets have angles γ and (180 • γ), with γ representing the facet angles that meet along the [111] out-of-plane direction. The unit cell volume and γ are calculated from the geometry of the three-sided pyramid shown in Fig. 1(d) , where the in-plane [011] lattice parameter of Ce:YIG is assumed equal to that of GGG [011] and the height is determined from d 444 of Ce:YIG measured from XRD. This tetrahedron constitutes 1/6 of the unit cell volume which is given by V = a 3 (1 3cos 2 γ + 2cos 3 γ) 0.5 , from which γ is found. At RT, γ = 89.57 • which implies in-plane compressive strain, also evident from the RSM (Fig. 1(a) ). For lower temperatures, the GGG is assumed to remain cubic so its d 444 lattice spacing ( Fig. 1(c) ) can be used to calculate the d 220 in-plane spacing of the substrate and hence of the epitaxially grown film. The variation of γ with temperature is presented in Fig. 1(d) and shows a value consistently lower than 90 • , indicating compressive stress. From RT to around 75 • C, γ increases on cooling from 89.57 • to 89.60 • , but below 75 • C there is little temperature dependence. The increase of γ towards 90 • implies a decreasing in-plane compressive stress at lower temperatures. Fig. 1(e) shows the lattice parameter of GGG and the pseudocubic lattice parameter for the Ce:YIG, a hyp calculated as V(T) 1/3 . The Ce:YIG/GGG mismatch is greatest at RT and decreases with temperature. The thermal expansion coefficient was determined as the difference between the pseudocubic lattice parameters (a hyp,T2 a hyp,T1 ) with respect to their average (a hyp,T2 + a hyp,T1 )/2 for consecutive measurements at temperatures T1 and T2. The Ce:YIG film has a higher thermal expansion coefficient than GGG for T > 100 • C, with a maximum of ∼6 × 10 6 at 75 to 50 • C, but the two materials show similar expansion coefficients of ∼3 × 10 6 at lower temperatures (in Fig. 1(f) ) which agrees with a previously reported value of 3.35 × 10 6 for GGG. 34 Measurements of FR vs. temperature were made by mounting the double-side polished samples to a temperature-controlled microscopy stage (Linkam Scientific FTIR 600) with magnetic field perpendicular to the sample surface following the setup described in Ref. 35 Fig. 2(b) ) shows an increase of a factor around 2.2 which is below previously reported values for lower Ce content Ce 0.045 Y 2.955 Fe 5 0 12 . 21 The errors bars in Fig. 1 result from a (propagated) uncertainty of ∆Θ = 0.001 • .
Notably, the FR loops suggest a magnetization reorientation, in which the easy axis lies inplane at RT but out-of-plane at 195 • C. The gradual transition is exemplified by the measurement obtained at 100 • C. The increasing coercivity with decreasing temperature is presented in Fig. 2(c) .
The out-of-plane saturation field, H sat , was determined from the Faraday loops as shown in Fig. 2(a) .
Above 100 • C, the FR loops were characteristic of a hard axis with low coercivity (µ 0 H c < 10 mT), suggesting that the easy axis is in-plane. Below 100 24, 38 Therefore, both the magnetoelastic anisotropy (calculated from the λ 111 extrapolated from Ref. 24 and the measured strain) and the magnetocrystalline anisotropy favor out-of-plane easy axis, though their sum at room temperature is small, estimated ∼4 kJ m 3 .
The shape anisotropy promotes an in-plane easy axis and has an estimated value of 9 kJ m 3 at RT based on M s = 120 kAm 1 , corresponding to an anisotropy field of µ 0 H K = 151 mT. The measured value from Fig. 2(d) of ∼110 mT is consistent with the dominance of the shape anisotropy and the small role played by the magnetocrystalline and magnetoelastic anisotropies at RT.
We now consider how the anisotropy terms vary with temperature. Measurements of Ce:YIG with 1% Ce showed an increase in the λ 111 contributed by the Ce ions by a factor of 5 on cooling to liquid nitrogen temperature. 23 The magnetoelastic anisotropy is expected to increase by a similar factor, considering that the strain decreases slightly on cooling ( Fig. 1(d) ) but the elastic modulus increases. The temperature dependence of K 1 for Ce:YIG has not been reported, but other rare earth iron garnets show large increases in K 1 on cooling as mentioned above. 25, 26 The shape anisotropy 2017) scales with the square of saturation magnetization and therefore also increases on cooling. However, this increase is modest: M(195 • C)/M(25 • C) = 1.33 based on our VSM data, which compares well to a published value of 1.4. 14 We conclude that the increases in the sum of the magnetoelastic and magnetocrystalline anisotropies on cooling overcome the increase in shape anisotropy and drive the magnetization reorientation near 100 • C.
Spectral dependences of FR and magnetic circular dichroism (MCD) arise from electronic transitions and therefore are related to the band structure. In particular, these dependences indicate the splitting of energy levels due to crystal field (CF). Therefore, spectral measurements of FR and MCD were obtained from a combination of spectrometers based on the azimuth modulation technique and generalized MO ellipsometry technique with a rotating analyzer covering photon energies from 0.7 to 4.4 eV which correspond to the region where the most significant optical transitions in Ce:YIG are situated. Measurements were performed in an out-of-plane magnetic field of 0.8 T to ensure saturation of the film. After subtraction of the substrate contribution, the spectra were normalized by the thickness of the film. The spectra in Fig. 3 were measured at RT and 195 • C and are similar to previously reported data. 39 Here, we focus on their differences from each other.
The infrared region is dominated by the spectroscopic structure situated near 1.4 eV (i) originating from 4f 1 -4f 0 5d 1 transitions in Ce 3+ ions. 40 A rapid increase of the Faraday effect is observed at low temperatures and is typical for paramagnetic electronic transitions for which the ground state population increases at lower temperatures (also observed in Ce-doped yttrium aluminum garnet 40 ). A second spectroscopic structure (ii) near 1.9 eV is noticeable in the low temperature spectra. Its origin cannot be attributed to Ce 3+ ions since the second excited state 5d 2 is expected to be at higher energies and the spectroscopic structure has opposite sign compared to that near 1.4 eV. Moreover, the amplitude of this structure does not increase rapidly at low temperatures. Crystal field (CF) transitions of tetrahedrally and octahedrally coordinated Fe 3+ ions have been observed around 1.9 eV in thick YIG films. 41 These transitions are spin-forbidden with small oscillator strengths and should not be visible for thin films. However, a rapid increase of the neighboring Ce 3+ transition around 190 • C resonantly increases the MO response around 1.9 eV, which makes this CF transition observable at low temperatures. Because tetrahedral Fe 3+ ions have lines at least one order of magnitude more intense than those of the corresponding octahedral ions the spectroscopic structure in the MO spectra situated near 1.9 eV originates from the first tetrahedral CF transition of Fe 3+ . Similar lines have been observed in the absorbance spectra of thick YIG films. 41 Spectral behavior of the FR above 2.5 eV resembles experimental data measured on YIG films 5, 42 showing basic similarities to Bi-substituted YIG. 5, 43, 44 With respect to both theoretical predictions and experimental analyses, CF and charge transfer transitions involving O 2p and Fe 3d states have been studied in detail in the spectral region between 2.4 and 4 eV 5, 44, 45 (tetrahedral transitions with negative sign are marked as (iii) and (v), and the octahedral transition with positive sign is marked as (iv)). Comparing the Faraday spectra of the cooled and uncooled sample one finds a significant redshift of peaks (iii) (of ∼0.04 eV), (iv) (∼0.02 eV), and (v) (0.06 eV) with decreasing temperature. The lattice parameter decreases on cooling and the red-shift is related to changes in the crystallographic structure.
A similar red-shift was observed for Bi doped garnets 5, 43 but originates in the enhancement of the spectroscopic structure near 3.2 eV (visible also in Fig. 3(a) as a left shoulder of peak iv) due to the covalent interaction between Bi 3+ and Fe 3+ ions 45 rather than from an expansion of the lattice parameter. 6 It is therefore crucial to look at the properties of the parent YIG material to explain the spectral shifts in the present data. Indeed, Wettling et al. 42 showed a comparison of Faraday rotation spectra of YIG films at 253.15 • C and room temperature obtaining an identical red-shift.
Two factors are therefore involved in the red-shift: First, the change of the crystal field due to the temperature-induced rhombohedral lattice deformation and second, the narrowing of the transition peaks due to thermal depopulation of vibronic states built on the pure electronic ground state. The latter factor is rather straightforward. The first factor, however, needs further investigation. A rearrangement of octahedral and tetrahedral sites with the lattice contraction is suggested to explain the red-shift in the absorption spectra. 41 Nevertheless, from Fig. 3 one can see that the tetrahedral sites are more susceptible to deformations ((iii) and (v)) than octahedral sites (iv).
In conclusion, Ce 0.59±0.18 Y 2.86±0.41 Fe 4.55±0.5 O 12 films grew epitaxially on GGG substrates with an in-plane compressive strain. The unit cell geometry was analysed as a function of temperature, showing a higher thermal expansion coefficient for the Ce:YIG film compared to the GGG substrate. The film showed a reorientation from in-plane easy axis to perpendicular magnetic anisotropy upon cooling to ∼100 • C which is attributed to increasing magnetoelastic and magnetocrystalline anisotropy energies consistent with a positive magnetostriction coefficient λ 111 and negative K 1 . Moreover, changes in octahedral and tetrahedral arrangements due to temperature-induced lattice distortions have been observed via red-shifts of the CF transition peaks in the Faraday rotation spectra. The results suggest that the tetrahedral arrangement is more susceptible to deformations than the octahedral one. E.L. gratefully acknowledges the German Academic Exchange Service (DAAD) for funding. The work was supported by NSF Award Nos. ECCS-1607865 and DARPA FA8650-16-1-7641. Shared experimental facilities of CMSE, an NSF MRSEC award DMR1419807, were used. The authors thank Nilanjan Chatterjee for WDS characterization and Martin Zahradnik and Charles Settens for experimental assistance.
